L aboratory animal allergy (LAA) is a form of occupational allergic disease. The development of LAA is due to the presence of immunoglobulin E antibodies directed against animal proteins. The process of sensitization (development of immunoglobulin E antibodies) is a complex process that involves interaction of antigen-presenting cells and lymphocytes of the Th-2 cell type. These cells generate a host of cytokines and other factors that lead to immediate hypersensitivity reactions and the generation of allergic inflammation. Typical symptoms of LAA include nasal symptoms (e.g., sneezing, watery discharge, and congestion) and skin rashes. Asthma, which produces symptoms of cough, wheezing, and shortness of breath, may affect 20 to 38% of workers who are sensitized to laboratory animal allergens. Rarely, a generalized, life-threatening allergic reaction (anaphylaxis) may occur. The estimated prevalence of LAA is variable, depending on the method used for diagnosis, but nonetheless may affect exposed workers. The presence of pre-existing allergies to nonworkplace allergens (e.g., dust mite, pollens, molds), exposure to laboratory animal allergens, and possibly tobacco smoking are risk factors for the development of LAA. Progress in the understanding of the mechanism and epidemiology of LAA will lead to improved methods for its prevention.
hypersensitivity reactions involve the production of immunoglobulin E (IgE 1 ) antibodies, which are formed in response to a variety of protein or glycoprotein antigens of which LAA is a typical example. Generation of IgE antibodies requires the central role of CD4+ T-helper lymphocytes. In the development of LAA, exposure to the allergens (antigens capable of eliciting any IgE antibody responses), such as mouse or rat urinary proteins, largely occurs through inhalation of these proteins into the lung. Some exposure may also occur through skin contact.
Development of IgE Antibodies
The first step in the process of the development of LAA consists of the production of IgE antibodies to the animal proteins or glycoproteins. This initial step is termed "sensitization." The allergens are taken up by antigen-presenting cells in the lung, which include monocytes, alveolar macrophages, and dendritic cells (Kiekhaefer et al. 2000) . Dendritic cells and Langerhans cells in the skin serve a similar function and possess the properties necessary for the presentation of antigens to T-lymphocytes. For the antigen to be recognized by the T-cell, it must first be processed into small peptide fragments and presented on the surface of the antigen-presenting cell in association with major histocompatibility (MHC 1 ) class II proteins (Whitton 1998) . Antigen-presenting cells capture and internalize the protein. They migrate to draining lymph nodes where the processed peptides are presented on the surface of the cell in association with the MHC class II molecules. Naive T-cells, through a T-cell receptor that has specificity for a particular antigenic peptide, recognize the complex of the antigen and the MHC class II molecules. For the naive T-cell to become activated, certain costimulatory signals are also necessary. The most common of these interactions is between the B7 molecule (B7.1 or B7.2) on the antigen-presenting cell and its counter ligand, CD28, on the T-cell (Figure 1 ) (Whitton 1998) . The activated T-cell can then undergo multiple rounds of replication, which requires autologous production of the cytokine, interleukin (IL 1 )-2, and the surface expression of the IL-2 receptor, CD25. Initially, a multipotential population of T-cells (Th0) are produced. There are two types of effector cells, each with the potential to generate a selective and mutually exclusive array of cytokines, which dictate the type of immune response that may occur. The Th1-type lymphocytes preferentially secrete IL-2, interferon-gamma (IFNγ 1 ), and tumor necrosis factor-α; and Th2-type cells produce IL-4, IL-5, IL-9, and IL-13 (Mosmann et al. 1986; Swain 1999) (Figure 1 ). The particular type of immune response that is generated depends on a variety of factors, including the type and dose of antigen, the differential expression of B7.2 versus B7.1 costimulatory molecules, and the cytokine milieu present during the initial priming of the T-cells (Jaffar et al. 1999; Tsuyuki et al.1997) . The most important factor appears to be the presence of particular cytokines. The Th2 cells are induced by the presence of IL-4, whereas Th1 cells are induced in the presence of IL-12. Elicitation of a Th2 response is the typical feature of immediate-type allergic diseases (Holt 1999) .
For many allergic diseases, a genetic predisposition known as atopy is present. Individuals are defined as being atopic if they or close relatives have manifestations of allergic diseases, such as allergic rhinitis, asthma, and eczema. The genes that control the Th2-type of response have not been fully elucidated at present. However, clear-cut genetic influences do exist based on data from population studies.
A small portion of Th2 cells develop into memory T-cells that can circulate for long periods of time. Subsequent exposure to the initial sensitizing antigen elicits a vigorous and rapid response from these memory T-cells. Thus, once established, a Th2-response can continue for many years or be rekindled by subsequent reexposure to the allergen that generated the initial response (Holt 1999) .
The production of cytokines by Th2-type cells leads to the production of specific IgE antibodies. IL-4, which is a necessary signal to B lymphocytes, induces the synthesis of IgE antibodies by B-cells. A similar function has also been attributed to IL-13, which has approximately 30% homology with IL-4 and shares many of its biological activities. In contrast, IFNγ suppresses the formation of IgE antibody production. IgE antibody production, therefore, represents an excess of IL-4 and IL-13 and a relative absence of IFNγ.
Although not fully elucidated, current theory holds that allergic disease results from a relative lack of production of IFNγ by individuals who have the atopic trait.
IgE antibody has unique biological characteristics. It is found in low concentrations in serum compared with immunoglobulins IgG, IgM, and IgA. IgE has the unique property of binding, through its Fc portion, to receptors found on mast cells and basophils. These cells, which contain histamine and other biochemical mediators, are found in abundance in tissues that are the site of allergic reactions. These sites include the skin, conjunctiva, respiratory system, and gastrointestinal tract.
The role of the IgE antibody in health is not completely understood. However, it is of interest that in the case of parasitic infections, specific IgE antibodies to parasite antigens arise in response to organisms that have a tissue migration phase. Interactions between parasitic antigens and IgE result in the degranulation of mast cells and recruitment of eosinophils into the site of the parasitic infection. Eosinophils have been shown to have the capacity to kill parasites, such as schistosomes, in cultures. It is especially interesting to note that many of the allergens involved in laboratory animal allergies, such as mouse and rat urinary protein, share sequence homology with schistosome antigens (Viranten et al. 1999) . This molecular mimicry between the protein allergens of the mouse and rat and their close relation to schistosome allergens may, in part, account for the potency of these antigens in eliciting an IgE response in susceptible individuals (Viranten et al. 1999 ).
Development of Allergic Symptoms
In individuals who develop sensitivity to laboratory animal allergens, a series of events leads to the symptoms of disease. Initially, after the individual has produced IgE antibodies that have occupied the receptors on the mast cell and basophils, subsequent exposure to the allergen through inhalation or contact on the skin results in an immediate (10-to 15-min) response. Interaction of the allergen with specific IgE antibodies on the surface of the mast cell or basophil leads to the release of preformed biochemical mediators, such as histamine. In addition, activation of the arachidonic acid cascade results in the production of prostaglandins (e.g., PGD2) by mast cells and leukotrienes. Furthermore, a variety of cytokines including TNF-α, IL-1, IL-4, IL-5, IL-6, IL-8, IL-16, and the chemokines MIP-1α, MIP-1β, MCP-1, and RANTES are generated (Bissonnette and Befus 1998) . The biochemical mediators (e.g., histamine and leukotrienes) result in local tissue effects, including constriction of airway smooth muscle, edema in the tissues, increased mucous secretions, and stimulation of nerves, causing itching and sneezing. The pivotal role of IgE in the early allergic response has been substantiated by studies that show administration of a monoclonal antibody to IgE can attenuate the antigen-induced early allergic response (Frew 1998) .
In approximately half of allergic subjects, the early phase response is followed by a late phase reaction, which occurs 3 to 4 hr after the initial exposure to antigen. These reactions typically peak at 4 to 8 hr and resolve after 12 to14 hr. The late response differs in character from the early phase response in that it involves the influx of inflammatory cells, consisting largely of eosinophils and basophils, into the target tissues. Factors that influence the occurrence of the late phase reaction include the amount of allergen delivered, time of day, and type of allergen (Mohiuddin and Martin 1990) . The T-lymphocytes are key players in orchestrating the late phase response. Increased numbers of activated T-lymphocytes (those showing increased expression of the IL-2 receptor [CD25] and MHC class II molecules [HLA-DR]) are detected in peripheral blood and tissues (Azzawi et al. 1990; Corrigan et al. 1993; Robinson et al. 1993) . In addition, an increased number of cells expressing TH2 cytokines, including IL-4, IL-5, and IL-13, have been noted (Humbert et al. 1997; Robinson et al. 1992) . Furthermore, cytokines IL-4 and IL-9 contribute to mucous secretions.
IL-5 is a potent stimulus for eosinophilic inflammation because it can initiate eosinophilopoiesis and is a terminal differentiating factor for eosinophil progenitor cells. In addition, IL-5 increases the expression of VCAM-1, an adhesion molecule on endothelial cells with selectivity for binding the eosinophil. IL-5 also prolongs the survival of eosinophils in tissues and primes the eosinophils to respond to activating factors (Elsner and Kapp 1999) .
IL-5 alone is not sufficient to account for the recruitment of eosinophils into tissues. Many chemokines are chemotactic for eosinophils, including RANTES, MCP-1, MCP-4, and eotaxin (Nickel et al. 1999) . Eotaxin may be of particular importance because it is selective for eosinophils; it has been shown to act in concert with IL-5 for eosinophil recruitment (Mould et al. 1997) .
The presence of eosinophils in tissues is a hallmark of allergic inflammation, and the eosinophil is probably the key effector cell in the airway inflammation that occurs in allergic asthma. Eosinophils release a variety of mediators that contribute to further tissue inflammation, including granular proteins (e.g., major basic protein) and the generation of leukotrienes, cytokines, and matrix metalloproteinases. Eosinophils that have been recruited into the airways of patients with allergic asthma, including those with LAA, have increased expression of EG2 and eosinophilic cationic protein, enhanced survival, and a marked increase in release of eosinophil granules into the airway (Sedgwick et al. 1991) .
Clearly, the eosinophil alone is not the only cell involved in the inflammatory response in allergic reactions. Macrophages, lymphocytes, and neutrophils also play a significant role. It has also been shown in nasal tissues that the basophil may be a contributor to further release of chemical mediators (e.g., histamine) into the tissues.
In the lower airway, epithelial cells are more than a simple barrier. They are the first tissues or cells to encounter airborne allergens. Polito and Proud (1998) have shown that epithelial cells can generate various cytokines, including RANTES and eotaxin. Eotaxin can play an important role in recruitment and activation of eosinophils and other inflammatory cells in the airway. In addition to the immune system, the airway epithelial cells may also act as effector cells in the initiation of airway inflammation in asthmatic reactions to laboratory animal allergens. Their exact role is yet to be fully defined.
In summary, the mechanism underlying LAA involves a complex series of events. Genetic factors may play a role in governing the ability of the individual to generate an allergic response. Through airborne or skin contact, the allergens produced by laboratory animals lead to their uptake by antigen processing and presenting cells. These cells in turn interact with T-lymphocytes and in the appropriate cytokine milieu lead to the generation of Th2 CD4+ T-helper cells. The Th2-cells then elaborate cytokines, such as IL-4 and IL-13, that are involved in the production of IgE. The production of IL-5 results in maturation and enhances the recruitment of eosinophils into sites of allergic reactions in the tissues.
Circulating IgE, which is antigen specific, binds to the surfaces of mast cells and basophils. Interaction between the specific allergen, such as rat or mouse urinary protein, triggers the release of preformed mediators, such as histamine, and the generation of other vasoactive biochemical mediators, such as leukotrienes and prostaglandins. Furthermore, the release of chemokines, such as RANTES and eotaxin, results in the recruitment of inflammatory cells (particularly eosinophils) into the tissues. There, further release of leukotrienes and other mediators results in the typical inflammation seen in allergic reactions during the late phase response. The biochemical mediators and inflammatory cells contribute to the allergic symptoms. Over time these events may lead to chronic disease states, such as asthma.
Symptoms of Laboratory Animal Allergy
Symptoms of LAA are the result of the release of biochemical mediators and the generation of inflammation in the tissues induced by IgE response. The nature and intensity of the symptoms are dependent on the level of exposure to the laboratory animal allergen by the individual. These symptoms can range from mild skin reactions to severe asthma. The most common symptoms are related to allergic reactions involving the nose and eyes (Aoyama et al. 1992; Cullinan et al. 1994) and are known as allergic rhinitis and allergic conjunctivitis, respectively. Nasal symptoms include congestion, runny nose, sneezing, and itching; ocular symptoms include redness and itchy, watery eyes. Up to 80% of workers with LAA report nasal symptoms (Bush et al. 1998) .
Skin reactions include hives at the site of contact with animal urine or dander as the result of scratches from rough tails and claws. Other rashes include maculopapular (measleslike) rashes, which are typically quite itchy and occur in about 40% of symptomatic individuals (Bush et al. 1998) .
Asthma may affect 20 to 30% of symptomatic workers exposed to laboratory animals. Symptoms of asthma consist of cough, wheezing, and shortness of breath. It is important to recognize that symptoms related to laboratory animal exposure may continue for several hours after exposure to the animals ceases. In addition, individuals may experience symptoms of asthma when exercising and when exposed to cold air, dust particles, or strong odors. This phenomenon, known as nonspecific airway hyperresponsiveness, occurs in other situations of allergen-induced asthma.
Systemic allergic reactions, known as anaphylaxis, can occur (albeit rarely) as a result of an animal bite (Teasdale et al. 1993) or from puncture wounds (e.g., needles contaminated with animal proteins) (Watt and McSharry 1996) . These reactions can manifest by generalized itching, hives (urticaria), swelling (angioedema) of the lips, eyes, and/or extremities, respiratory distress due to edema of the larynx, hypotension (shock), or acute asthma attacks. These reactions are potentially fatal. Occasionally, a milder form of systemic reaction can manifest in which the allergic individual develops a maculopapular rash or hives under protective clothing as a result of a respiratory exposure to laboratory animal allergens.
Time from the onset of exposure to development of symptoms is variable but generally occurs within 3 yr of beginning employment. Approximately one third of individuals will develop symptoms in the first year and 70% within 3 yr. Again, this estimate is quite variable depending on the individual study reported (Seward 1999) .
In a study from the United Kingdom, the mean duration of employment before the onset of nasal symptoms was 214 days, 335 days for skin symptoms, and 365 for the development of chest symptoms (asthma) (Cullinan et al. 1994) .
Diagnostic approaches to LAA and its treatment are discussed elsewhere in this volume (Bush 2001 ).
Epidemiology of Laboratory Animal Allergy
Estimates of the number of individuals exposed to laboratory animals in their occupation vary considerably. Bland et al. (1987) estimated that 90,000 individuals were exposed to laboratory animals in the United States, and 32,000 workers in the United Kingdom were similarly exposed. In contrast, Seward (1999) estimated that 40,000 to 125,000 individuals are exposed to laboratory animals in the United States.
The definition of LAA (reported symptoms vs. confirmatory evidence of IgE-mediated sensitivity) leads to significant variability in the reported prevalence and incidence (percentage of new cases occurring in the population over a given period of time) of this occupational problem. Furthermore, the sample size included in the study influences the results. In the United Kingdom, exposure to laboratory animals has consistently ranked in the top three causes of occupational asthma and comprises 5% of all cases reported to that country's surveillance of work-related and occupational respiratory diseases program since 1989 (S. Gordon, Imperial College School of Medicine, London, UK, personal communication, 1999) . These statistics are striking because laboratory animal workers comprise only a small portion of the total UK work force. In the United States, the National Institute of Occupational Safety and Health has formally recognized LAA as an occupational hazard since 1989. The first reported cases of allergic symptoms due to laboratory animals occurred in the 1950s (Sorrel and Gottesman 1957) . The high prevalence of this condition did not become apparent until cross-sectional epidemiological studies were conducted in the 1970s and -80s (Cockcroft et al. 1981; Gross 1980; Lutsky and Neuman 1975) (Table 1) . Gross (1980) observed that symptoms of affected individuals usually began within 6 mo of exposure and rarely occurred after 2 to 3 yr of employment. In that study, species associated with the workers' symptoms and the percentages of workers affected were as follows: rats (65%); rabbits (72%); mice (66%); and guinea pigs (33%). Nasal symptoms preceded chest symptoms in 45% of the individuals, whereas 55% experienced nasal and chest symptoms simultaneously. Chest symptoms never occurred in the absence of nasal symptoms. One third of the individuals had no prior history of any allergic disease.
In Cockcroft's (1981) evaluation, 49 of 179 individuals were symptomatic with mainly nasal symptoms. Skin testing was conducted and showed a good correlation between the presence of rhinitis and positive skin tests to relevant laboratory animal allergens. Five individuals had positive skin test to laboratory animal allergens but were asymptomatic.
In Schumacher and colleagues' (1981) study, of the 39 individuals who experienced respiratory sysmptoms or skin rashes, one third reported severe symptoms. Virtually all of these individuals had demonstrable sensitivity by positive skin tests to laboratory animal allergens. Slovak and Hill (1981) examined 148 workers of whom 48 (30%) had a history of symptoms related to their laboratory animal exposure. Of the 48, 22 had positive skin tests and demonstrated rhinitis symptoms that progressed to asthma.
In a similar study of workers in the pharmaceutical industry in the United Kingdom, Beeson et al. (1983) reported that of the 15 workers with LAA, slightly more than half (eight) had positive skin tests to animal allergens. Sixty-seven percent of the individuals were sensitive to allergens other than laboratory animals.
In Agrup and colleagues' (1986) evaluation, there was a high level of frequency of self-reported symptoms, but the numbers of individuals with symptoms were reduced when they were interviewed by clinicians. Nineteen of the 30 laboratory technicians with reported symptoms had positive skin tests or in vitro tests indicating sensitivity to laboratory animal allergens. Only two of the animal keepers had positive skin tests.
Laboratory animal exposure results in significant lost time from work. More than one third of individuals working at the US National Institutes of Health reported lost time from work due to their symptoms from laboratory animal allergy sensitivity (Bland et al. 1986 ). According to completed questionnaires, 131 of 549 individuals (23.9%) reported symptoms due to their occupational exposure to laboratory animals.
In perhaps the highest prevalence rate reported, Venables et al. (1988) found that 46% of 156 pharmaceutical workers in the United Kingdom had laboratory animal sensitivity. In a review of pooled data from reported studies, Hunskaar and Fosse (1990) found an overall prevalence of LAA of 20.9% in 4988 individuals. Subsequently, in a large series conducted in Japan (Aoyama et al. 1992) , 1304 of 5641 (23.1%) workers had symptoms related to their laboratory exposure. This survey was conducted among 137 research facilities, 76 medical schools, 57 research institutes, and four breeding facilities. Rhinitis was the most common symptom. Seventy percent of individuals developed symptoms within 3 yr of exposure. The survey revealed sensitivity to a variety of animals for which the percentages of affected workers are as follows: sensitivity to guinea pigs-31% of workers; to mice-26.1%; to rats-24.9%; to cats-30.1%; to dogs-24.9%; and to nonhuman primates-23.6%. It is important to note that virtually any laboratory animal can cause occupational allergy although the mammals listed above are the most commonly involved.
In another survey from Australia, Bryant et al. (1995) reported that 73 of 138 exposed individuals had symptoms of LAA. Of these individuals, 92% had positive skin tests to laboratory animal allergens; 23% of asymptomatic individuals also had positive skin tests to laboratory animal allergens. Bronchial hyperresponsiveness, a marker of asthma, was present in 21% of exposed individuals compared with 8% in a nonexposed control population.
From the United Kingdom, where good occupational disease reporting is available for workers in the laboratory animal field, 44% of 32,000 individuals indicated they had symptoms related to their work exposure in 1988. By 1994, this number had decreased to 31%. However, when skin testing was performed in those symptomatic individuals in 1988, only 13% had positive skin tests. In 1994, 10% had positive skin tests (S. Gordon, personal communication, 1999) . In a recently reported preliminary study from the University of Wisconsin, 29 of 147 (19.7%) workers exposed to laboratory animal allergens in a research facility related allergic symptoms to their work exposure (Patel 2000) . However, of the 147 workers, only 12% had positive skin tests that correlated with histories suggestive of LAA.
As can be seen, prevalence and incidence rates may vary considerably based on whether a questionnaire is used to establish the presence of LAA or whether confirmatory testing is required. The low prevalence of skin tests or in vitro tests showing IgE sensitivity may be related in part to the poor quality of skin testing and testing reagents available. Nonetheless, LAA does represent a significant health risk for the population of exposed individuals. Furthermore, few data are available on the number of individuals who end their employment due to LAA. Failure to capture this population in epidemiological studies could result in a significantly lower estimate of true prevalence or incidence (Monso et al. 2000) .
The overall incidence of LAA is estimated at approximately 15% (Seward 1999) . The incidence of asthma due to LAA is estimated to be approximately 2% (Seward 1999) . However, in a study at a pharmaceutical company involving workers exposed to laboratory animals, the incidence of laboratory animal asthma was as high as 10.3% (Fisher 1998) . After the institution of environmental control measures to reduce allergen exposure, the incidence decreased to 0.
Risk Factors for Development
Epidemiological studies have been useful in determining factors that may lead to the development of LAA. The most important risk factor for an individual is the level of exposure to laboratory animal allergens. Methods have been developed that allow quantitative estimates of the exposure to laboratory animal allergens, as discussed elsewhere in this volume (Harrison 2001) .
Controversy exists as to whether individuals with coexisting allergies to substances outside the laboratory have an increased risk of developing LAA, although the majority of reported studies suggests it is an important risk factor. In the study by Gross (1980) , one third of workers had no prior allergic disease before developing LAA. Schumacher et al. (1981) correlated the development of LAA with the presence of atopy. Atopy was defined as positive skin test to one or more inhalant allergens. Slovak and Hill (1981) documented the belief that atopy predisposes individuals to the development of asthma related to their animal exposure. Several other studies (e.g., Aoyama et al. 1992; Bland et al. 1986; Botham et al. 1995; Bryant et al. 1995; Cullinan et al. 1999; Fuortes et al. 1996) indicate that atopy is a risk factor for the development of LAA. However, in contrast, Hederick et al. (1999) found atopy to be a risk factor only for individuals exposed at low levels; and Renstrom et al. (1994) believe that atopy is not a significant risk factor but that total IgE level is. These latter investigators are from the same research group and share the same subject pool. In a recent review (Bush et al. 1998) , it was concluded that in individuals with a history of work-related symptoms and objective evidence of allergy as demonstrated by a positive skin test or in vitro test, the odds ratio for developing LAA was 3.35 in atopic compared with nonatopic workers. In many of these studies, the relation between atopy and the development of LAA suggests that a genetic predisposition to form IgE antibodies is a significant risk factor. The exact genetic defect has not yet been identified.
Tobacco smoking has also been associated as a risk factor for the development of LAA. However, as with atopy, controversial data have arisen. Venables et al. (1988) reported a positive association between cigarette smoking and the development of LAA, as did Fuortes et al. (1996) and Cullinan (1999) . In contrast, Agrup et al. (1986) and Heederik et al. (1999) found no effect. Of note is the study by Fuortes et al. (1997) , which showed individuals with a smoking history had more significant declines in pulmonary function compared with nonsmokers. This finding would be an expected effect of tobacco smoke exposure in addition to the exposure to the laboratory animals.
Conclusion
The level of exposure to laboratory animal allergens by the individual certainly is an important factor in determining whether the worker develops LAA. It is still controversial as to whether individuals who have coexisting allergies to other inhalant allergens are more at risk. Of note is the study by Hollander et al. (1996) , who found that sensitivity to mites or pollens was not associated with risk for developing LAA; however, sensitivity to cats and dogs was associated. Analysis of the available data suggests that pre-existing atopy is an important factor contributing to the development of LAA. Tobacco smoke has been shown to elevate serum IgE levels. This increase may also predispose an individual to an increased risk for LAA, although this possibility remains controversial.
